gap junction ͉ connexon ͉ dye uptake ͉ permeation
gap junction ͉ connexon ͉ dye uptake ͉ permeation C onnexins belong to a protein family consisting of Ϸ20 members and are widely distributed in mammalian tissues. Connexins are assembled into hexamers and inserted into the plasma membrane where they dock, one to one, with hexamers in an apposed membrane to form gap junction channels. Thus, in a formed junction each hexamer is a hemichannel (or connexon). Surface expression of nonjunctional or unapposed hemichannels has been demonstrated in several cell lines and primary cultures by electron microscopic, biochemical, and͞or electrophysiological methods (1) (2) (3) (4) (5) (6) . Recent evidence indicates that new channels are added to the periphery of gap junctions and that older channels are internalized in the central region of the plaque (7, 8) . Because open hemichannels were expected to have a high conductance and permeability, it was long thought that they remained closed until docking with a hemichannel in an apposed membrane (e.g., ref. 9). Indeed, direct measurement of the first gap junction channel forming between a pair of cells indicated that nonjunctional conductance did not change during the formation period, thus indicating that the two hemichannels were indeed closed before cell-cell channel formation (10, 11) . More recently, connexin 43 (Cx43) hemichannels have been implicated in diverse roles in cell physiology and pathology including volume regulation (12) , efflux of NAD ϩ and ATP (13) (14) (15) (16) , limitation of apoptosis in osteoblastic cells (17) , and acceleration of cell death during metabolic inhibition (3, 18, 19) .
However, the biophysical properties of Cx43 hemichannels are not yet described.
In a number of reports, the opening of hemichannels is enhanced by polarization to positive membrane potentials, reduction in extracellular calcium concentration, or both (4, 6, (20) (21) (22) (23) . Conversely, closure of hemichannels is induced by low extracellular pH (24) , gap junction channel blockers such as glycyrrhizin agents (18␣-and 18␤-glycyrrhetinic acid) (18) , trivalent cations (La 3ϩ or Gd 3ϩ ) (3, 16, 18) , and some chloride channel blockers [flufenamic acid, niflumic acid, and 5-nitro-2(3-phenylpropylamino)benzoic acid] (16, 25) . Hemichannel currents in recombinant systems expressing Cx30, Cx45, Cx46, or Cx50 have been characterized at the single-channel level (5, 6, 24, 26, 27) .
In the present study we used HeLa cells transfected with Cx43 or Cx43-enhanced GFP (EGFP) to characterize the electrophysiological properties of single Cx43 and Cx43-EGFP hemichannels. We found that their unitary open-state conductance and voltage-gating modalities were consistent with the properties in the corresponding cell-cell channels in which two hemichannels are in series. Moreover, we observed cell uptake of ethidium bromide (EtdBr) ascribable to infrequent opening of hemichannels in the absence of overt stimulation.
Materials and Methods
Cell Cultures. Experiments were performed on HeLa cells (ATCC no. CCL-2, the parental cells) or HeLa cells transfected with cDNAs encoding rat Cx43 or rat Cx43 with EGFP attached to the C or N terminus (Cx43-EGFP or EGFP-Cx43, respectively) and were maintained in culture as described (28) . The cDNA constructs encoding Cx43-EGFP or EGFP-Cx43 were made as described (28, 29) . Cx43-EGFP and EGFP-Cx43 cells could be recognized by their fluorescence emission at 530 nm. For electrophysiology or fluorescence studies, cells were seeded onto sterile glass-bottom dishes (MaTek, Ashland, MA) or onto coverslips placed in culture dishes at 10 3 cells per cm 2 16-24 h before each experiment. Mixed parental and Cx43-EGFP cultures were made with a 2:1 ratio of parental͞Cx43-EGFP cells.
(National Instruments, Austin, TX) and in-house software by E. B. Trexler and V. K. Verselis. Shown are means Ϯ SD.
EtdBr Uptake and EGFP Fluorescence. For time-lapse recording of EtdBr uptake, we used a microincubator adapted to fit on the stage of an Olympus IX-70 inverted microscope and a fluorescence imaging system with a ϫ60 oil immersion objective. Temperature was maintained at 37°C, and the chamber was perfused with humidified air. Cells were bathed in Krebs-Ringer solution with 10 M EtdBr, and images were acquired with an OlymPix 2000 cooled digital camera (Olympus) and ULTRAVIEW software (Perkin-Elmer). EGFP fluorescence was monitored as described (30, 31) . Resting conductances were comparable to that of a single hemichannel as shown below, such that single openings lasting Ͼ1 ms should have been detected. If there were many openings too brief to be recorded (filtering at 1,000-3,000 Hz), they still did not produce much net charge transfer compared with that of a single channel continuously open. Moreover, hemichannel blockers did not decrease cell conductance (see below).
Results

Positive
During application of slow voltage ramps (6 s with 1 s between ramps) from Ϫ110 to ϩ110 mV, pronounced increases in current were apparent in Cx43 and Cx43-EGFP cells at large positive potentials ( Fig. 1 C and D , see expanded trace at Ϸ28 s). The increases exhibited frequent steps corresponding to a conductance of Ϸ220 pS (assuming a reversal potential of 0 mV; see Fig.  1 C and D Insets, which show expanded traces at Ϸ28 s; well resolved steps are indicated by dotted lines). Channels opened by positivity were closed by the time the next ramp began with a transition to Ϫ110 mV (except for the ramp in shown in Fig. 1D beginning at 22 s). In parental cells there were much smaller increases in currents at large negative and at large positive potentials (Fig. 1B) . Cx43 and Cx43-EGFP cells also showed small increases in current at large negative potentials comparable to those in parental cells.
To examine single-channel activity in greater detail, we applied steady holding potentials to connexin-expressing cells. 
and Calculation of Relative Conductances of Hemichannels and
Cell-Cell Channels, which are published as supporting information on the PNAS web site, www.pnas.org.) The observed hemichannel subconductance of Ϸ75 pS is more than twice the conductance of the substate of the cell-cell channel. The conductance of the hemichannel substate should be only slightly larger than the conductance of the substate of the cell-cell channel because the latter has an open hemichannel in series with the hemichannel in the substate (Fig. 6) .
Cx43-EGFP cell-cell channels have the same fully open unitary conductance as Cx43 channels, but Cx43-EGFP cell-cell channels do not show a substate and fast voltage gating (28) . Similar to their cognate cell-cell channels, Cx43-EGFP 
Cx43 with EGFP on the N Terminus (EGFP-Cx43) Is Transported to the Cell Surface and Forms Plaques but No Functional Hemichannels or
Cell-Cell Channels. Transfection with connexin cDNAs can induce expression of other genes (32) , and Cx43 has binding partners that associate with it (e.g., ZO-1 and caveolin-1) (33, 34) . Thus, we were concerned that expression of Cx43 could induce surface expression of other channels that were responsible for the currents that we were identifying as hemichannel-mediated. To explore this question we used EGFP-Cx43-expressing cells. These cells formed junctional plaques (Fig. 3A, arrow) , but there were no transjunctional currents when ϩ100-to Ϫ100-mV voltage ramps were applied to one cell (Fig. 3B , n ϭ 10 pairs). Although EGFP-Cx43 cells exhibited EGFP fluorescence at the membrane surface ( Fig. 3 C and D) , no hemichannel currents were recorded from them ( Fig. 3E , n ϭ 15 cells). Furthermore, there was no voltage-dependent current in addition to those detected in parental cells. Because the cytoplasmic C-terminal domain in EGFP-Cx43 is not directly modified and this domain in Cx43 is implicated in binding to other proteins, it is unlikely that depolarization-induced currents in Cx43 and Cx43-EGFP cells result from connexin-mediated transport of other proteins to the cell surface, and we conclude that the currents indeed are generated by functional hemichannels.
Depolarization-Induced Hemichannel Currents Have the Right Pharmacology. Hemichannel currents induced by positive potentials in Cx43 and Cx43-EGFP cells were completely blocked by application of the gap junction blocker, 18␤-glycyrrhetinic acid (35 M; Fig. 4 A and B) . Similarly, La 3ϩ (100 M), which blocks dye uptake mediated by hemichannels, abolished these currents (Fig. 4 C and D) . Thus, for these blockers, the observed hemichannel activity was affected as predicted.
In a number of cell types, zero Ca 2ϩ induces openings of surface hemichannels (see the Introduction), and we expected that positive potentials would induce more hemichannel activity in Cx43 and Cx43-EGFP cells in zero Ca 2ϩ plus 2 mM EGTA. Under control conditions (1.8 mM extracellular Ca 2ϩ ), Cx43 and Cx43-EGFP cells did not show more than one to three single hemichannel openings during the positive phase of voltage ramps (Fig. 4 E and F) . After perfusion with zero Ca 2ϩ plus 2 mM EGTA, many more hemichannel openings were observed. In most if not all cells (n ϭ 6), basal conductance was increased for a few ramps, indicating that one or two hemichannels remained open between ramps and during the next negative phase. No significant differences were observed in parental cells in the zero Ca 2ϩ ͞EGTA solution (Fig. 4G) .
EtdBr Uptake by Cx43-EGFP Cells Is Mediated by Hemichannels. Dye uptake has been used as an indicator of hemichannel opening in a number of studies (see the Introduction). To investigate the possibility of hemichannel opening under normal conditions further, we evaluated the uptake of EtdBr from the extracellular milieu in control solution. Cocultures of parental and Cx43-EGFP cells (Fig. 5 A and B ; see also Fig. 7 , which is published as supporting information on the PNAS web site) were incubated in 10 M EtdBr. Cx43-EGFP cells showed significantly more EtdBr uptake than parental cells (Figs. 5C and 7; see also Movie 1, which is published as supporting information on the PNAS web site). Fluorescence increased fairly linearly over periods of 75-180 min and gave no indication of saturation; thus the time constant of dye equilibration is long compared with these periods. When different cells were compared, the amount of EtdBr uptake was directly proportional to the level of Cx43-EGFP fluorescence (Fig. 5D , the point on the y intercept is mean uptake by parental cells). These data suggest that cells with more Cx43-EGFP have more functional hemichannels at their cell surface. (Fluorescence was measured as total fluorescence minus background and minus fluorescence of gap junction plaques and obvious cytoplasmic concentrations of Cx43-EGFP.) In addition, the hemichannel blockers La 3ϩ (0.1 mM) and ␤-glycyrrhetinic acid (35 M) reduced EtdBr uptake in Cx43-EGFP cells but not in parental cells (Fig. 5E) . However, when a high concentration of EtdBr (100-500 M) was applied, no differences in dye uptake were observed between parental and Cx43-EGFP cells, suggesting toxicity or the existence of low-affinity uptake mechanisms independent of Cx43 hemichannels; this dye uptake was not affected by hemichannel blockers (data not shown).
To demonstrate further that EtdBr uptake is mediated by hemichannels, EGFP-Cx43 and Cx43-EGFP cells were compared with parental cells with respect to dye uptake. EGFP-Cx43 and parental cells showed similarly low dye uptake, whereas Cx43-EGFP cells showed significantly greater dye uptake (Fig.  5F, P Ͻ 0.05, n ϭ 20) . Because EGFP-Cx43 does not form open hemichannels but is otherwise similar to Cx43-EGFP, this result supports mediation of dye uptake by open hemichannels.
Discussion
We demonstrate here the existence of Cx43 single hemichannel currents in transfected mammalian HeLa cells. The evidence is that (i) depolarization induces channel activity in Cx43 and Cx43-EGFP cells but not in parental cells; (ii) the single-channel conductance is twice that of Cx43 and Cx43-EGFP cell-cell channels, as predicted from series arrangement of two hemichannels in a cell-cell channel; (iii) slow-and fast-gating transitions are seen in Cx43 cell-cell channels and Cx43 hemichannels, whereas only slow transitions are seen in Cx43-EGFP cell-cell channels and hemichannels; (iv) EGFP-Cx43, which forms apparent junctional plaques but no functional cell-cell channels, does not form voltage-activated hemichannels; (v) the hemichannel currents are abolished by gap junction and hemichannel blockers; and (vi) as determined in other systems and for other connexins, depolarization and zero Ca 2ϩ ͞ EGTA enhance opening of Cx43 hemichannels.
Although the unitary conductance of the fully open state and fast-and slow-gating transitions of Cx43 hemichannels are consistent with those of the cell-cell channels, the substate conductance is greater than expected (as was also observed for other connexin hemichannels; see ref. 35 ). The explanation for this discrepancy may lie in the detailed structure of the fast gate and how its configuration differs in hemichannels and cell-cell channels. Hemichannels also differ from cell-cell channels in their low open probability, at least if the membrane-associated fluorescence of Cx43-EGFP is entirely due to hemichannels in the surface membrane. Antibody staining of an extracellular epitope establishes surface location of the hemichannels in cultured astrocytes (2) . This apparent difference remains even when taking into account the low open probability (Ϸ0.1) of cell-cell channels in gap junction plaques. The (unknown) reason for the near-zero open probability of cell-cell channels in plaques of a few hundred channels (30) may account for the low open probability of hemichannels; hemichannels, similar to cell-cell channels, may have to be in relatively large aggregates before even one of them opens (36) .
As noted, the voltage-gating properties observed in the single Cx43 and Cx43-EGFP hemichannel currents were similar to those of their respective cell-cell channels (28) . Cx43 cell-cell channels have two distinct gating mechanisms: a fast and a slow gate. Functional separation of these gates is supported by molecular studies. Attaching EGFP or aequorin to the C terminus of Cx43 blocks fast gating with little or no effect on slow gating (28, 37) . Truncation of the C terminus can block fast gating while leaving slow gating intact (38) . Mutations in the N terminus also affect fast gating and can reverse its polarity (39) (40) (41) .
The failure of EGFP-Cx43 to show hemichannel activity is evidence against the transport of another channel-forming molecule to the cell surface by Cx43. Because the C terminus of EGFP-Cx43 is not directly altered in the chimera, any trafficking function of Cx43 is likely to be unimpaired; moreover, Cx43-EGFP would be more likely to have its trafficking functions compromised.
Another treatment that induces opening of hemichannels, at least in some systems, is bathing in low Ca 2ϩ solution (and more severe depletion by the addition of a Ca 2ϩ chelator may be required). Our electrophysiological data showed that opening of Cx43 and Cx43-EGFP hemichannels was increased modestly at positive potentials in zero Ca 2ϩ or zero Ca 2ϩ ͞EGTA, and occasional openings continued through the negative phase of the succeeding ramp. A low probability of hemichannel opening at low Ca 2ϩ might explain the low percentage of cells showing dye uptake in low Ca 2ϩ even though all cells express Cx43 (3, (17) (18) (19) 42) .
Although Cx43-EGFP expression increased membrane permeability to EtdBr in normal conditions, we did not observe single-channel currents in most cells without polarization to positive potentials. We might have missed openings at the resting potential because of small amplitude, low frequency, and possibly brief duration. Furthermore, several lines of evidence indicate that EtdBr uptake by cells under these conditions was due to basal opening of Cx43 hemichannels: (i) uptake was linearly related to Cx43-EGFP expression and much greater in Cx43 and Cx43-EGFP cells than in parental cells and EGFP-Cx43 cells; (ii) uptake by Cx43 and Cx43-EGFP cells was reduced by gap junction blockers, but uptake by parental cells was not affected; and (iii) application of EtdBr did not induce hemichannel currents (data not shown). Our observations are in agreement with previous reports that suggest eff lux of NAD ϩ through Cx43 hemichannels by passive diffusion under basal conditions (13) . The time constant for a single channel passing a tracer into a cell the size of a HeLa cell would be Ϸ1-4 h (see Calculation of Time Constant of Equilibration of Dye Influx as a Function of Single Hemichannel Permeability and Number of Channels, which is published as supporting information on the PNAS web site). We saw no saturation of uptake in 1-3 h, indicating that the time constant was at least severalfold greater (Fig. 5C ). The conductance near the resting potential was of the order of a single channel and not noticeably changed by gap junction blockers; thus only a small fraction of the resting conductance could have been due to brief opening of hemichannels. Thus, we do not account for EtdBr uptake by a measured hemichannel conductance, but neither is there a clear discrepancy. The effect of hemichannel blockers argues for uptake mediated by unresolved openings, but we cannot yet exclude uptake mediated without increase in conductance.
In summary, we demonstrate here the existence of functional, unapposed Cx43 hemichannels in mammalian cells and provide an electrophysiological characterization. Release of cytoplasmic molecules by regulated opening of hemichannels is likely to have a physiological role under some circumstances. Conversely, inappropriate opening of connexin hemichannels may increase metabolic stress and lead to cell death. The data provided here should facilitate future studies of the role of hemichannels formed of Cx43 and other connexins in cellular function and pathology.
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